Different substrate conditions, such as varying CO 2 concentrations or the presence of acetate, strongly influence the efficiency of photosynthesis in Chlamydomonas reinhardtii. Altered photosynthetic efficiencies affect the susceptibility of algae to the deleterious effects of high light stress, such as the production of reactive oxygen species (ROS) and PSII photodamage. In this study, we investigated the effect of high light on C. reinhardtii grown under photomixotrophy, i.e. in the presence of acetate, as well as under photoautotrophic growth conditions with either low or high CO 2 concentrations. Different parameters such as growth rate, chlorophyll bleaching, singlet oxygen generation, PSII photodamage and the total genomic stress response were analyzed. Although showing a similar degree of PSII photodamage, a much stronger singlet oxygen-specific response and a broader general stress response was observed in acetate and high CO 2 -supplemented cells compared with CO 2 -limited cells. These different photooxidative stress responses were correlated with the individual cellular PSII content and probably directly influenced the ROS production during exposure to high light. In addition, growth of high CO 2 -supplemented cells was more susceptible to high light stress compared with cells grown under CO 2 limitation. The growth of acetate-supplemented cultures, on the other hand, was less affected by high light treatment than cultures grown under high CO 2 concentrations, despite the similar cellular stress. This suggests that the production of ATP by mitochondrial acetate respiration protects the cells from the deleterious effects of high light stress, presumably by providing energy for an effective defense.
Introduction
The uptake of inorganic carbon and the absorption of light have to be well balanced in photosynthetic organisms for an efficient conversion of CO 2 into carbohydrates. Shifting cultures to CO 2 -limited growth conditions results in an overexcitation of the inter-photosystem electron transport components and a concomitant increase in non-photochemical quenching (NPQ) of absorbed light energy, as shown by Chl fluorescence measurements (Spalding et al. 1984 , Palmqvist et al. 1990 ). The NPQ is caused via different mechanisms, including energydependent quenching, state transition and photoinhibitory quenching (Muller et al. 2001) . To increase the efficiency of photosynthetic carbon fixation under CO 2 -limited growth conditions, cells induce the expression of a carbon concentration mechanism, aimed at actively increasing the uptake of inorganic carbon into the cell (Miyachi et al. 2003) . This process requires high energy, and it was suggested that under these conditions the organisms shift their photosynthetic linear electron transport chain to a cyclic electron flow around PSI by state transition (Spalding et al. 1984 , Finazzi et al. 2002 , Miyachi et al. 2003 . CO 2 -supplemented cells, on the other hand, do not express a carbon concentration mechanism because high levels of CO 2 enter the cell by diffusion. This results in high NADPH requirements what stimulate NADP þ reduction by a linear photosynthetic electron flow (Forti et al. 2003) .
Besides intracellular CO 2 levels, the presence of acetate as an organic carbon source was also shown to influence the photosynthetic electron flow in algae such as Chlamydomonas reinhardtii. This alga can use acetate as an energy and carbon source under heterotrophic growth conditions, e.g. in the absence of light. Acetate addition results in decreased photosynthetic oxygen production and a transient increase in NPQ, suggesting that a state 1 to state 2 transition is induced, as found in CO 2 -limited cells (Fett and Coleman 1994 , Endo and Asada 1996 , Heifetz et al. 2000 , Kovacs et al. 2000 . It was suggested that this process might be caused by stimulated chlororespiration, which enhances plastoquinone reduction (Endo and Asada 1996) , or by an altered ATP to NADPH ratio due to acetate assimilation in the glyoxylate cycle (Kovacs et al. 2000) .
In Chlamydobotrys stellata, acetate also caused a reduced D1 expression, resulting in lower PSII abundance which is consistent with lowered photosynthetic oxygen production (Kovacs et al. 2000) .
Besides CO 2 limitation, exposure to high intensity light (HL) is another important cause of an over-reduced photosynthetic electron transport chain because a high charge separation rate at PSII exceeds the availability of the electron acceptor NADP þ at PSI. Alternative electron acceptors such as oxygen can take over and serve as electron sinks (Ort and Baker 2002) , leading to the production of reactive oxygen species (ROS) such as superoxide radicals and hydrogen peroxides. Additionally, over-reduction of the electron transport chain increases the probability of singlet oxygen ( 1 O 2 ) production by charge recombination and energy transfer reactions in the PSII reaction center (Keren and Ohad 1998, Krieger-Liszkay 2005) . Singlet oxygen is believed to stimulate the degradation of the PSII core D1 protein (Aro et al. 1993 , Mishra et al. 1994 . On the other hand, D1 degradation was shown to be slowed down in various photosynthetic mutants due to a reduced plastoquinol pool (Zer et al. 1994) . D1 degradation causes a disassembling of the PSII complex and an inactivation of photosynthesis, a process called photoinhibition (Aro et al. 1993) .
ROS can damage different cellular components such as proteins, membranes and DNA and, thereby, cause a cellular photooxidative stress and even cell death. As such, efficient defense mechanisms have evolved in photosynthetic organisms, and the corresponding genes are often strongly and specifically induced under photooxidative stress conditions. Therefore, gene expression patterns can provide a lot of information about ROS formation and the integrity of the cell (Ryan and Hightower 1996 , Dat et al. 2000 , Mittler 2002 ). In C. reinhardtii, expression of the glutathione peroxidase homologous gene Gpxh was shown to be a good indicator for the generation of 1 O 2 , either by endogenous photosensitizers (Leisinger et al. 2001 , Fischer et al. 2004 or in cells exposed to HL (Fischer et al. 2006 ). Furthermore, up-regulation of general and oxidative stress response genes and a general down-regulation of many genes coding for components of the photosynthetic apparatus has been found in several photosynthetic organisms exposed to HL by DNA microarrays (Hihara et al. 2001 , Rossel et al. 2002 , Im et al. 2003 , Kimura et al. 2003 , Atienza et al. 2004 , Murchie et al. 2005 . In this study, we used total genomic expression patterns by DNA microarrays in general and Gpxh induction profiles in particular as indicators for the strength and nature of photooxidative stress in HL-treated cells under photomixotrophic or photoautotrophic growth conditions under either low or high CO 2 concentrations. This information was correlated to growth rate, photosynthetic activity, Chl and PSII contents, and mitochondrial respiration activity in order to identify the factors mostly affecting the sensitivity of green algae to photooxidative stress.
Results

Effect of growth condition on cell physiology and photosynthetic activity
The physiological parameters of cells, grown for at least 2 d under either a photomixotrophic condition containing acetate [Tris-acetate-phosphate medium (TAP)] or in a photoautotrophic condition with either a low CO 2 level [high salt medium (HSM)] or aerated with air containing a high concentration (5%) of CO 2 (HSM-CO 2 ), were analyzed. HSM-CO 2 cultures grew faster than HSM cultures under low light (LL) conditions (120 mmol m À2 s À1 ) (Table 1 ). This shows that the growth of HSM cells is indeed limited by the uptake of inorganic carbon. The availability of acetate as an organic carbon and energy source compensated for the limitation on growth in TAP cultures and stimulated growth to an even higher rate than in HSM-CO 2 cultures. The growth condition also affected the size of cells, resulting in a much lower average cell size in HSM cultures compared with HSM-CO 2 and TAP cultures (Fig. 1a) . A technical problem is that experiments are usually carried out at constant cell densities and normalized by cell numbers, but in this case the densities of the three cultures were not the same when determined by cell number or by optical density (Fig. 1b) . Both parameters, cell number and optical density, could be affected differently in our experiments due to changes in cell Fig. 2b ). HSM-CO 2 cells, on the other hand, had much higher Chl and D1 contents and a higher photosynthetic oxygen production rate than the other two cultures (Table 1) .
Effect of growth condition on the viability of cells under high light conditions and susceptibility to PSII photodamage HL treatment of photosynthetic organisms stimulates the production of ROS and leads to damage of the photosynthetic apparatus. While a growth conditiondependent photoinhibition and PSII photodamage in algae were observed earlier (Baroli and Melis 1998) , other effects such as growth reduction, ROS production or stress response of photomixotrophic or photoautotrophic cultures exposed to HL were not investigated in detail. We therefore exposed cultures of TAP, HSM or HSM-CO 2 -grown cells to HL of 2,500 mmol m À2 s À1 PAR and analyzed the growth of each culture by measuring the optical density and cell number over 4 h (Fig. 2a) . In parallel, Chl contents were measured every hour to quantify photobleaching or the degradation of photosynthetic pigments. CO 2 -supplemented cells were highly susceptible to HL, resulting in very rapid Chl bleaching and cell death, as indicated by a strong reduction in optical density and cell number. TAPand HSM-grown cells were less sensitive to the deleterious effect of HL treatment. Even though Chl content was reduced after a few hours in both cultures, cell viability decreased much more slowly than in HSM-CO 2 cultures (Fig. 2a) . In addition, different slopes in the reduction of optical density and cell number in HL-treated HSM and TAP cultures suggested that cell structure also changed. Indeed, a reduction of cell volume could be measured with a Coulter counter in a HL-treated TAP culture (data not shown).
In addition to cell viability and Chl bleaching, photodamage to the PSII was analyzed by determining D1 degradation. In the cell, degraded D1 protein is rapidly replaced by newly synthesized D1 protein, enabling a fast reassembly of functional PSII complexes. To detect the amount of damaged D1 protein in the HL-treated cultures, D1 synthesis was blocked by the addition of the 50S ribosomal subunit inhibitor lincomycin. Even though cells grown in the three media have quite different D1 contents in untreated samples (Table 1, Fig. 2b ), D1 protein was degraded in all cultures upon HL with similar kinetics (Fig. 2b) .
Effect of growth conditions on photooxidative stress response under high light conditions
Recently, we showed that the expression of the Gpxh gene in C. reinhardtii is dependent on the production of High light response in C. reinhardtiistress in cells (Fischer et al. 2006) . Therefore, the expression of Gpxh was analyzed in TAP, HSM and HSM-CO 2 cultures exposed to HL of 2,500 mmol m À2 s À1 for 1 h by real-time reverse transcription-PCR (RT-PCR), and induction factors relative to the corresponding control culture under LL conditions were calculated. In agreement with strong PSII photodamage and growth reduction in CO 2 -supplemented cells, we found a 50-fold up-regulation of the Gpxh gene in HSM-CO 2 cultures, indicating a quick stimulation of 1 O 2 production in these cells under HL conditions (Fig. 3a) . In contrast, HSM cultures showed a weak induction of the Gpxh gene under HL treatment. Finally, TAP-grown cultures had a Gpxh induction that was intermediate between that of the other two cultures. Therefore, the HL-induced production of 1 O 2 in TAP cultures is expected to be much higher than in HSM-grown cultures, but still lower than in HSM-CO 2 -grown cells.
Besides Gpxh expression, we additionally analyzed the total genomic responses of cells under HL treatment using the second version of the C. reinhardtii DNA microarrays containing about 10,000 different oligonucleotides, each representing a different nuclear or plastid gene. For this purpose, the total RNA of cells cultured under individual growth conditions and exposed to HL (2,500 mmol m À2 s À1 ) for 1 h was isolated and used for cDNA labeling and DNA microarray hybridization. RNA samples of the same cultures grown under LL conditions (120 mmol m À2 s À1 ) were taken as a control to calculate induction factors. After normalization and data restriction, excluding genes with low signal intensity, genes that were induced or down-regulated 42-fold were selected and used for immunoblots showing total D1 contents in TAP, HSM or HSM-CO 2 cultures and the degradation of the D1 protein in these cultures exposed to HL treatment for 0, 30, 60 or 90 min in the presence of lincomycin. D1 protein levels were quantified in TAP (black diamonds), HSM (bright gray triangles) or HSM-CO 2 cultures (dark gray squares) exposed to HL in three independent experiments and normalized to the corresponding sample at time point zero (average AE SE).
further analysis. In HSM-grown cells, only 35 genes were found to be 42-fold induced after 1 h of HL treatment compared with 94 and 70 genes in TAP or HSM-CO 2 cultures, respectively (Fig. 3b , left chart). Of these 35 genes induced in HSM cultures, 34 genes were also induced 42-fold in the two other growth conditions, indicating that these genes are general photooxidative stress-induced genes, independent of the growth condition. Of the 94 genes induced in TAP cultures, 34 genes were induced in all three growth conditions, 28 genes were induced in TAP and HSM-CO 2 conditions and 32 genes were only up-regulated in the TAP medium. Of the 70 genes induced in HSM-CO 2 cultures, 62 genes were also induced42-fold in TAP or TAP and HSM conditions, showing a large overlap in stress responses of HSM-CO 2 and TAP cultures. In order to get an idea about the level of induction of up-regulated genes, we analyzed the number of genes induced 43-or 4-fold in HL-treated cultures under individual growth conditions (Fig. 3b, left chart) . This showed that only nine (26%) of the 35 genes induced 42-fold in HSM cultured cells were also up-regulated 43-fold upon HL treatment. This number was further reduced to four genes (11%) when the restriction was increased to 4-fold induction. In the TAP medium, the number of HL-induced genes decreased less dramatically from 94 to 49 genes (52%) induced 43-fold, of which again 30 genes (32%) were also induced 44-fold. However, the highest percentage of genes surpassing the level of 3-or 4-fold induction was found in the HSM-CO 2 condition where 43 (61%) or 25 (36%), respectively, of the 70 up-regulated genes fall in the appropriate category. This shows that not only the number but also the level of HL induction was much lower in HSM cultures compared with TAPand HSM-CO 2 -grown cells (Fig. 3b, left chart) . The difference in the number of genes was less pronounced when the down-regulated genes of cultures under the three different growth conditions exposed to HL were compared. A total of 50, 45 and 63 genes were reduced to 50.5-fold of the expression of control samples in TAP, HSM or HSM-CO 2 conditions, respectively (Fig. 3b, right  chart) . Nevertheless, most genes were down-regulated in CO 2 -supplemented cells. Interestingly, down-regulated genes were more equally distributed between the different categories. Again, the number of differently expressed genes was strongly reduced in HSM cultures when the threshold level of up-regulation was decreased to 0.4-or even 0.3-fold. This effect was less pronounced for both TAP and HSM-CO 2 conditions. In order to gain better insight into the function of the differently expressed genes, BLAST searches aimed at finding the most probable functions of the genes were performed. Genes that were induced43-fold or50.4-fold in one of the three conditions tested are listed in Fig. 4 with contig numbers and the most homologous proteins found. Several oxidative and general stress response genes were found to be up-regulated by the HL stress, including a thioredoxin homologous gene, a glutathione S-transferase, the glutathione peroxidase homologous gene Gpxh, a sulfiredoxin and two heat shock genes. On the other hand, many photosynthetic genes were down-regulated by HL, especially in TAP and HSM-CO 2 cultures. A list of all genes induced 42-fold or 50.5-fold in any one of the three conditions tested is provided as Supplementary material.
A mitochondrial respiration inhibitor increases the sensitivity of photomixotrophic cultures to high light conditions
In HSM-CO 2 -grown cultures exposed to HL, a strong photooxidative stress response was correlated with a fast growth reduction. This was different for TAP-grown cells, which also seemed to encounter a serious cellular stress resulting in a strong genetic response but for which growth was much less susceptible to HL than for HSM-CO 2 cultures. To test the influence of mitochondrial acetate respiration on the resistance of C. reinhardtii to HL treatment, we repeated the growth experiments with TAP, HSM and HSM-CO 2 cultures. However, this time, we first treated cells with the mitochondrial respiration inhibitor myxothiazol (Cournac et al. 2002) . Under LL conditions, myxothiazol affected the photoautotrophic cultures more seriously than the TAP cultures (Fig. 5a, b) . Under HL conditions, the inhibitor seemed to stimulate growth slightly, measured by optical density but not by cell number of HSM and HSM-CO 2 cultured cells, indicating a general increase of cell size in these cultures. After 2 h of treatment, HSM-CO 2 cells started to die, as did cells without the inhibitor (Fig. 5c, d) . Similarly, the sensitivity of HSM cultures was also not negatively affected by the inhibitor. TAP-grown cells, on the other hand, died faster with myxothiazol compared with untreated cultures exposed to HL. This effect was more pronounced for optical density than for cell number, and was probably due to a decrease in cell size as already detected for cultures without inhibitor (Fig. 5c, d ). Thus, growth of cells adapted to photomixotrophic growth conditions is much more susceptible to photooxidative stress when mitochondrial respiration is blocked. Finally, D1 degradation in myxothiazol-treated TAP cultures was analyzed to test whether the decreased viability of these cells under HL conditions compared with cultures without an inhibitor might be caused by an effect of the chemical on photosynthesis, resulting in lower PSII photodamage. No significantly altered D1 degradation rate was detected in myxothiazol-treated cells compared with cultures without an inhibitor when exposed to 2,500 mmol m À2 s À1 PAR in the presence of lincomycin (Figs. 5d, Fig. 2b ) Discussion Different PSII content causes variation in 1 O 2 production and photooxidative stress under high light conditions Photodamage and degradation of PSII core protein D1 in photosynthetic organisms exposed to HL is a well-known consequence of photoinhibition (Aro et al. 1993) . The rate of D1 degradation was shown to depend on the size of the PSII Chl antenna responsible for the number of photons transferred to the PSII reaction center (Park et al. 1997) , and the rate of photosynthetic electron flow regulated by the availability of the final electron acceptor CO 2 (Baroli and Melis 1998). Baroli and Melis showed that in Dunaliella salina, the low rate of forward electron transport in CO 2 -limited cultures was compensated for by a smaller Chl antenna at PSII. This results in the same rate of PSII photodamage as detected in CO 2 -supplemented cells with a large Chl antenna and a high rate of photosynthetic electron flow. We confirmed these data in C. reinhardtii exposed to HL where HSM-CO 2 and HSM cultures showed the same D1 degradation kinetics (Fig. 2b) . TAP-grown cultures also encountered the same degree of PSII photodamage under HL conditions. These cells have a similar rate of photosynthetic oxygen production per mg Chl to HSM cells (Table 1) . Furthermore, acetate-grown cells were shown to have a much higher cellular NADPH content than photoautotrophic cultures, thereby causing a reduced photosynthetic electron flow (Endo and Asada 1996, Kovacs et al. 2000) . Thus, TAP cultures seem to have a similar photosynthetic efficiency to HSM cells with regard to light absorption and flow of forward electron transport responsible for PSII photodamage. Besides PSII photodamage, the type and level of the genetic stress response can be good indicators of the cellular stress condition (Dat et al. 2000) . Thus, by analyzing the total genomic response of cells cultured under the three different growth conditions and exposed to HL with DNA microarrays, we found that the number of HL-induced genes and the magnitude of induction were much higher in TAP and HSM-CO 2 cultures than in low CO 2 -grown cells (Fig. 3b) . Similar results were also found in experiments of Im et al. (2003) with C. reinhardtii grown under low or high CO 2 levels exposed to HL of 1,000 mmol m À2 s À1 . However, in that study, cells were cultured in TAP medium in all cases, representing a mixture of photomixotrophic growth conditions with low or high CO 2 content. Therefore, the expression pattern of HL-induced genes was different from our DNA microarray experiments (Im et al. 2003) . In our TAP experiment, the number and level of HL-induced genes were similar or even higher than in HSM-CO 2 cultures (Figs. 3b, 4) . Nevertheless, only about half of the genes were strongly induced under both conditions, suggesting that there is a significant difference between the two conditions that was most probably caused by acetate metabolism. The strong responses, especially of known general and oxidative stress response genes coding for proteins such as heat shock proteins, thioredoxin, glutathione S-transferase and glutathione peroxidase, indicate a much stronger cellular stress due to high ROS production in TAP and HSM-CO 2 cultures than in HSM cultures. Furthermore, a large number of light-harvesting complex genes were more strongly down-regulated in TAP and HSM-CO 2 than in HSM cultures, perhaps due to ROS production (Teramoto et al. 2002) and as an acclimation response to reduce the damaging effects of HL treatment further (Fig. 4h-l) (Park et al. 1997) . Thus, these gene expression data provide strong evidence that both TAP and HSM-CO 2 cultures encounter a strong photooxidative stress caused by ROS production in the overexcited photosynthetic apparatus.
The increased production of 1 O 2 by charge recombination and energy transfer in overexcited PSII reaction centers is an important source of ROS formation during HL treatment. Indeed, the expression of the Gpxh gene, known to be specifically induced by 1 O 2 (Fischer et al. 2006) , was highly up-regulated in TAP-and HSM-CO 2 -grown cells and also to a lesser extent in HSM cultures under HL conditions (Fig. 3a) . Additionally, two other genes, a 12-oxophytodienoate reductase and a 1-aminocyclopropane-1-carboxylate synthase, which are involved in ethylene and jasmonic acid synthesis (110.8.3.11; 9.128.1.0), were strongly HL induced in TAPand CO 2 -supplemented cells (Fig. 4d) . These genes were shown to be specifically induced by 1 O 2 in the Arabidopsis thaliana flu mutant, supporting a high 1 O 2 production in TAP and HSM-CO 2 cultures (Danon et al. 2005) . Hideg et al. (1998) showed that the production of 1 O 2 during photoinhibition was correlated with the concentration of structurally intact but inactive PSII reaction centers (Hideg et al. 1998) . Indeed, TAP and HSM-CO 2 cultures had much higher D1 contents than HSM cultures, which correlated with the level of Gpxh induction and with the total genetic stress response in these cells upon HL treatment (Table 1, Figs. 2b, 3) . Thus, higher PSII levels in cells exposed to HL result in a higher number of structurally intact but inactive PSII reaction centers, and cause a higher production of 1 O 2 and a stronger photooxidative stress in TAP and HSM-CO 2 compared with HSM cells. This indicates that the cellular PSII content affects, besides other parameters, the degree of photooxidative stress in cultures exposed to HL.
Mitochondrial respiration due to acetate metabolism provides energy for an efficient defense against photooxidative stress Strong photooxidative stress and high 1 O 2 formation in CO 2 -supplemented cells is in agreement with a much higher HL sensitivity of these cells relative to HSM cultures as shown by growth experiments and Chl bleaching (Fig. 2 ). This indicates that the level of ROS production is one of the critical factors for the survival of algae exposed to HL treatment. Interestingly, growth of TAP cells, although confronted with high 1 O 2 production and strong photooxidative stress similar to HSM-CO 2 cells, was much less susceptible to HL than the growth of CO 2 -supplemented cells. Therefore, we investigated the role of acetate metabolism as an alternative energy source in defense of C. reinhardtii against HL stress using the mitochondrial respiration inhibitor myxothiazol. Acetate stimulates mitochondrial oxygen consumption about 2-fold (Fett and Coleman 1994) , and mitochondrial respiration was shown to enhance recovery of photodamaged PSII complexes in C. reinhardtii and Anacystis nidulans, probably due to increased energy supply for D1 synthesis (Shyam et al. 1993 , Singh et al. 1996 . Addition of myxothiazol caused a strong growth reduction in CO 2 -supplemented cells and a smaller reduction in HSM cultures under LL (Fig. 5) , indicating that in photoautotrophically grown cells, mitochondrial respiration is more important than in TAP-grown cells under LL conditions. Especially when high CO 2 levels stimulate linear electron transport during photosynthesis, ATP synthesis in chloroplasts might not be high enough for maximal growth. Part of the reducing equivalents from NAD(P)H or carbohydrates generated during photosynthesis are probably used for ATP synthesis in the mitochondria (Hoefnagel et al. 1998 , Padmasree et al. 2002 . This would also be consistent with the fact that myxothiazol had no effect on HL sensitivity of photoautotrophic cultures (Fig. 5) because the loss of photosynthetic activity would eliminate mitochondrial respiration and thereby the effect of myxothiazol under these conditions. Additionally, this shows that inhibition of mitochondrial electron transport chains at complex III or a putative effect of myxothiazol on cytochrome b 6 -f complexes does not stimulate photosynthetic ROS production during photoinhibitory treatment.
In TAP-grown cultures, on the other hand, myxothiazol stimulated the negative effect of HL treatment on growth of the cells (Fig. 5) . Acetate effects on photosynthetic activity, such as stimulation of plastoquinone reduction by chlororespiration (Endo and Asada 1996) , might be a reason for the low sensitivity of TAP cells to HL similar to the protective effect of a reduced plastoquinol pool on D1 degradation found in different photosynthetic mutants (Zer et al. 1994 ). However, we could not detect any significant effect of myxothiazol on the D1 degradation rate in TAP cultures (Fig. 5d) . Furthermore, the redox state of the plastoquinone pool could not explain the difference between TAP and HSM cultures, both having a reduced plastoquinol pool. It seems more likely that the ability of photomixotrophically grown cells to produce ATP by mitochondrial respiration and the resulting expression of an efficient defense against photooxidative stress increases the resistance of C. reinhardtii against HL treatment in TAP medium (Forster et al. 2005) . On the other hand, it seems that acetate respiration is not a major source for ATP production under LL conditions, where myxothiazol had no effect. This indicates that under non-stressed conditions, TAP-grown cells use acetate mainly as a carbon source and cyclic electron flow in photosynthesis for ATP production. This is in agreement with the lower oxygen production and reduced inorganic carbon fixation of acetate-supplemented cells compared with high CO 2 -grown cells (Table 1 and Heifetz et al. 2000) . Under HL conditions, where photosynthesis is disturbed, TAP-grown cultures might have a stimulated ATP production by mitochondrial respiration and, by this, a more efficient defense against photooxidative stress. This shows that the sensitivity of photosynthetic organisms to environmental stress conditions such as HL treatment depends, besides the rate of ROS production and the degree of photooxidative stress, also on the availability of alternative energy sources such as acetate respiration to express cellular defense systems effectively.
Materials and Methods
Strain and growth conditions
Chlamydomonas reinhardtii strain cw 15 arg 7 (CC-1618) obtained from the Chlamydomonas Genetics Center (Duke University, North Carolina) was first inoculated in liquid cultures in TAP medium and then diluted in fresh TAP medium, HSM or HSM-CO 2 (Harris 1989) . These cultures were cultivated in the appropriate medium at 258C on a rotatory shaker (150 r.p.m.) under constant illumination with white light of 120 mmol m À2 s
À1
PAR for at least 2 d by periodic dilution before the experiments were performed. All media were supplemented with 50 mg l À1 ampicillin and 50 mg l À1 arginine.
Growth experiments and stress treatment
For growth experiments and stress treatments, exponentially growing cells were adjusted to the same A 750 corresponding to a concentration of 5.0-6.5 Â 10 6 cells ml À1 depending on the growth medium (Fig. 1) . For HL treatment, 20 ml of each culture were exposed to 2,500 mmol m À2 s À1 PAR at 258C. Growth of the treated and the control cultures (120 mmol m À2 s
À1
) was monitored by measuring the A 750 and by cell counting with a Z2 Beckman Coulter (Beckman Coulter GmbH, Krefeld, Germany) after 0, 1, 2, 3 and 4 h. Cell size was monitored in the exponentially growing control cultures using the Beckman Coulter.
Oxygen evolution and chlorophyll quantification
Photosynthetic oxygen production was measured with a Clark-type oxygen electrode (Hansatech, Norfolk, UK) using 3 ml of each control culture of growth experiments at time point zero with a concentration of 5.0-6.5 Â 10 6 cells ml
À1
. Cells were dark adapted for 10 min and constant oxygen evolution was measured over a period of 5-10 min at 258C and 200 mmol m À2 s
PAR. In high CO 2 -grown cells, 4 mM NaHCO 3 was added to keep the high CO 2 content in the cultures. In parallel, Chl content was quantified according to Arnon (1949) .
D1 protein quantification
To monitor D1 degradation, 25 ml of exponentially growing cultures at the same A 750 (5.0-6.5 Â 10 6 cells ml
À1
) were preincubated with 1.5 mM lincomycin for 10 min and subsequently exposed to HL (2,500 mmol m À2 s
) at 258C in the absence or presence of 2 mM myxothiazol. Samples were taken after 0, 30, 60 and 90 min of treatment, and cells were harvested by centrifugation and frozen in liquid nitrogen. For D1 quantification, cells of 5 ml of culture were resuspended in 100 ml of loading buffer [50 mM Tris-HCl pH 7.0, 10% (v/v) glycerol, 2% (w/v) SDS, 2 M urea] and 3 ml of each sample, corresponding to a protein extract from 0.8-1 Â 10 6 cells, were separated on a 10% SDS-polyacrylamide gel (8 M urea) according to Laemmli (1970) . Proteins were transferred to a nitrocellulose membrane and the D1 protein was visualized by immunodetection using a polyclonal psbA antibody (Agrisera, Va¨nna¨s, Sweden) according to the manufacturer's protocol. After washing, the primary psbA antibody was detected with rabbit anti-chicken IgY secondary antibodies conjugated to horseradish peroxidase (HRP) and a concomitant chemiluminescence reaction using the Immun-Star TM HRP Chemiluminescence Kit from Bio-Rad. Bands were quantified using the scion image software (www.scioncorp.com) and normalized to the control level at time point zero for each culture, using the values of a dilution curve for adjustment of non-linear signal intensities in each experiment.
RNA isolation and real-time RT-PCR
Cultures adjusted to the same A 750 (5.0-6.5 Â 10 6 cells ml À1 ) were exposed either to HL (2,500 mmol m À2 s
À1
) or to the control condition (120 mmol m À2 s
) for 1 h before cells were harvested by centrifugation. Total RNA was isolated by the Trizol method as High light response in C. reinhardtiidescribed earlier (Fischer et al. 2004) . For real-time RT-PCR experiments, 200 ng of individual total RNA was used in each 10 ml reverse transcription reaction with a reverse transcription kit (Applied Biosystems, Rotkreuz, Switzerland) according to the manufacturer's instructions.
Sequences of primers for real-time RT-PCR were designed with the Primer Express TM software (Applied Biosystems) using the sequence of the 3 0 -untranslated region of each gene as a template. Real-time RT-PCRs were performed on the ABI Prism Õ 7000 Sequence Detection System (Applied Biosystems) as described earlier (Fischer et al. 2004) . Threshold cycle (C t ) values were determined for all reactions in the logarithmic amplification phase, and the average C t value was calculated for each sample out of three replicates. The C t values of the gene coding for the Rubisco small subunit (Rbcs2) were used for normalization of variable mRNA levels, because the difference in C t values of the Rbcs2 gene were small in all conditions (ÁCt50.3) and did not correlate with any experimental treatment. The gene coding for b-tubulin (Tub2B) was used as a second control gene. Induction factors were calculated for each gene with the treated and the corresponding control sample in the same medium as an average with standard error out of three independent experiments.
DNA microarray hybridization and data analysis
Construction of the second version of the C. reinhardtii DNA microarrays was described in detail in the manufacturer's protocol (http://www.chlamy.org/micro.html). Probe labeling, purification and DNA microarray hybridization were performed according to the manufacturer's protocol with the following modifications: 4 mg of total RNA was utilized for the reverse transcription in each 10 ml reaction mixture. Cy5-dUTP and Cy3-dUTP were used for labeling of samples. After RNA degradation and probe purification, the labeled cDNA was concentrated in a vacuum evaporator, redissolved in 50 ml of hybridization buffer [50 mM sodium phosphate pH 8.0, 50% (v/v) formamide, 6Â SSC, 5Â Denhardt's solution, 0.5% (w/v) SDS] and incubated for 3 min at 958C. The DNA microarray slides were pre-hybridized for 1-2 h at 428C and hybridized at 428C for 16-20 h in a hybridization chamber (Corning, Ontario, Canada) .
After post-hybridization washing and drying, slides were scanned using a laser scanner (428 TM Array Scanner, Affymetrix, High Wycombe, UK), and the spot and corresponding background signals were quantified with the Genespotter software from MicroDiscovery GmbH (Berlin, Germany). Further analysis of the DNA microarrays was performed with the program GeneSpring 7.2 from Silicon Genetics (Redwood City, CA, USA) kindly provided by the Function Genomics Center Zurich. After background subtraction, negative signals were eliminated and the treatment to control signal ratio was calculated using the Cy3 and Cy5 signal intensities of each spot. Signal normalization was performed using the 50th percentile distribution of all spots of each replicate per slide. Average induction factors and standard errors were calculated for each gene out of eight data points coming from two independent isolates, with two dye-swapped replicates per isolate and two replicates of each gene per slide. Genes with very low signal intensity in either the control or treatment sample were excluded from further analyses. The remaining genes were analyzed for genes with an average induction factor 42 or 50.5 in at least one growth condition, as indicated in Fig. 3b . Induction factors in Fig. 4 were visualized in a color-based expression pattern using the TreeView 1.60 software designed by the Eisen Lab (http://rana.lbl.gov/).
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